ABSTRACT Acetylsalicylic acid (aspirin) acetylates human serum albumin under physiologic conditions in vitro. These investigations were done to determine whether this phenomenon occurs in vivo and to delineate the site(s) of acetylation on the albumin molecule.
INTRODUCTION
Previous studies demonstrated that acetylsalicylic acid (aspirin) acetylates human serum albumin (HSA) and a variety of other body constituents in vitro (1) (2) (3) . In addition HSA acetylated with aspirin has enhanced capacity to bind a marker anion, acetrizoate (2) . Since the HSA from persons ingesting therapeutic doses of aspirin also have an enhanced capacity to bind this marker anion, it was postulated that aspirin acetylates HSA in vivo (1, 2, 4) .
The purpose of the present study was to provide direct evidence that aspirin acetylates HSA in vivo and to characterize the site(s) of acetylation on the HSA molecule. Previous studies demonstrated that the acetyl-HSA derivative formed in vitro was stable at pH 10-11, a finding indicating that an N-acetyl rather than an O-acetyl derivative had been formed. The e-amino group of lysine was considered a probable site for this reaction. A protein or peptide containing this derivative would be resistant to tryptic hydrolysis at this site (5) and would yield a peptide pattern different from the native protein on mapping. If such a peptide difference exists in HSA acetylated by aspirin in vitro, then this alteration would provide a means of demonstrating whether HSA is similarly acetylated in vivo by patients ingesting aspirin. METHODS history of no aspirin ingestion for over 2 yr; (b) C.J., age 56, a female with rheumatoid arthritis. A serum sample was obtained after the patient had been taking 4 g of sodium salicylate daily for 5 months. The sodium salicylate was discontinued, she was then placed on aspirin 4 g/day, and 5 wk later a second serum sample was obtained; (c) W.H., age 70, a male with rheumatoid arthritis who had been ingesting 6.6 g of aspirin daily for 8 months. HSA was isolated from these patient's sera and the control serum by the sodium sulfate fractionation method of Kekwick (6) . 1 vol of 36%o (w/v) sodium sulfate was added slowly to 1 vol of whole serum with constant mixing at 250C. After 30 min the precipitate was centrifuged and discarded. The supernate was exhaustively dialyzed against distilled water and lyophilized. The crude HSA preparations were purified further by Pevikon electrophoresis in barbital buffer, pH 8.6, y/2 = 0.05, for 18 hr at 4VC (7) . The purity of all HSA preparations, including those purchased commercially, was determined by immunoelectrophoresis against Hyland goat antiwhole human serum (8) .
Alteration of HSA by aspirin in vitro. Acetyl-1-"Csalicylic acid with a specific activity of 2.38 m.c/mmole was kindly provided by Merck, Sharp & Dohme, West Point, Pa. Acetylsalicylic acid-carboxyl-'C with a specific activity of 3.26 mc/mmole was obtained from Nuclear-Chicago Corporation, Des Plaines, Ill. The HSA samples obtained from Squibb and Behringwerke were altered in vitro with the labeled or unlabeled aspirin preparation as described previously (2, 3) . Equal volumes of 2.0 X 10-' M purified HSA aliquots and 1.0 X 10' M aspirin were reacted in 0.10 M phosphate buffer, pH 7.4, at 37'C for 24 hr and then dialyzed exhaustively against 0.15 M NaCl containing 0.01 M unlabeled sodium salicylate to remove aspirin bound noncovalently. After the exposure to sodium salicylate duplicate 0.10-ml samples were counted for`C activity. The HSA reacted with acetyl-"C-labeled aspirin retained an average of 1.2 acetyl groups per molecule. Albumin reacted with carboxyl-"C-labeled aspirin had an average of 0.02 salicyloyl groups per molecule.
Peptide preparation. In each peptide preparation a normal HSA sample was processed simultaneously with aspirin-altered albumin. The purified albumins were reduced and carboxymethylated according to the method of Crestfield, Moore, and Stein (9) with minor modification. Ethylenediaminetetraacetate (EDTA) was not employed, and immediately after carboxymethylation the samples were dialyzed exhaustively against distilled water at 25'C and lyophilized.
Enzymatic hydrolysis was performed in the presence of 2.0 M urea in a 0.1 M (NH4)2CO3 buffer, pH 9.0, to which was added 0.01 ml of aqueous trypsin solution (2.5 mg/ml) per mg of protein. Trypsin, 2 times recrystallized, was obtained from Worthington Biochemical Corp., Freehold, N. J. The digestion proceeded with continuous, gentle agitation for 2 hr at 25°C. The digest was diluted 5-to 10-fold with distilled water and applied to a column containing Dowex AG 50W-X 2, 100-200 mesh with a resin bed volume of 4 ml/ 
RESULTS
Structural changes in albumin altered by aspirin in vitro. The peptide map of HSA acetylated with acetyl-1-"C-salicyclic acid under physiologic conditions in vitro is seen in Fig. 1 . A unique peptide designated "A" was demonstrated consistently. This peptide was never seen in normal albumin, whether obtained from Squibb (Cohn Fraction V), Behringwerke, or normal individuals who had not recently ingested aspirin. In addition, peptides designated "B" and "C" were consistently found to be absent or diminished in aspirin-altered albumin (Fig. 1) .
The absence of detectable amounts of peptide "A" in pooled normal HSA and the greater prominence of the "B" and "C" peptides is seen in the map of untreated normal albumin (Fig. 2) . Although some experiment-toexperiment variations were noted on other areas of the peptide maps, only the differences involving peptides "B,." "'C," and "A" were reproducible. Fig. 3 is a radioautograph of the peptide map shown in Fig. 1 . Peptide "A" contains most of the acetyl-"C activity in the labeled preparation because the prominent density on the radioautograph corresponds to the position of peptide "A." Several other radiopacities were noted, but they were much less intense than peptide "A" and did not correspond to any peptide which could be identified by ninhydrin, chlorination, or specific amino acid stains.
As expected, the peptide maps of carboxyl-"C-labeled aspirin-treated HSA were identical with those of HSA treated with acetyl-"C-labeled aspirin. However, radioautography of the peptide map of carboxyl-"C-labeled aspirin-treated HSA revealed a distinct radiopacity which was different from any of those seen in Fig. 3 . This radiopacity was located in a more hydrophobic Electr phoresis _.
-~~~~~. ' :. Origin *4 FIGURE 1 Peptide map of human serum albumin (HSA) treated with acetyl 1-"C-salicylic acid. The positions of peptides "A," "B," and "C" are indicated on this map which was stained with 03% ninhydrin position above peptide "A," and was in the area of a peptide only faintly visible after ninhydrin staining.
Stains of the peptide maps for specific amino acids showed that peptides "A," "B," and "C" lack arginine, tyrosine, tryptophan, histidine, and sulfur-containing amino acids. All were stained by chlorination, however. Peptides "A" and "B" migrate during electrophoresis to the area where neutral peptides and amino acids are found. In contrast, peptide "C" migrates more cathodically, a finding which indicates that it is positively charged. Amino acid composition of peptides "A," "B." and "C." The results of the amino acid analyses are seen in Table I . The peptides lay in close proximity to other ninhydrin-or chlorination-positive areas, and therefore, tamination. Nevertheless, five amino acids are common to peptides "A" and "B," i.e., lysine, serine, glutamic acid, alanine, and leucine. Peptide "C" contains significant quantities of only two amino acids, lysine and leucine. The values given for the moles of each amino acid residue are based on the necessity for one lysine residue in peptide "B" and one in peptide "C," and for two lysine residues in peptide "A": the carboxy terminus and a trypsin-resistant N-acetyl derivative. The relatively low Values not corrected for destruction during hydrolysis.
value for serine obtained in peptides "A" and "B" doubtless reflects partial destruction of the amino acid which occurs under the hydrolysis conditions used. The light (0.01%) ninhydrin staining was important because significantly lower values were obtained for leucine in peptides "A" and "C" and for serine in peptide "B" when heavier ninhydrin stains (0.25-0.3%) were employed to identify peptides. This suggests that these residues may occur at the amino terminal position in their respective peptides. Structural changes in HSA in patients ingesting aspirin. Peptide mapping was performed on purified HSA from two patients, C.J. and W.H., who had ingested therapeutic doses of aspirin for a prolonged period. The results are seen in Fig. 4 , which demonstrates the presence of peptide "A" in HSA from patient C.J. A similar pattern including peptide "A" was observed with HSA from patient W.H. Peptide ''A" was less intense and peptides "B" and "C' were more prominent in the albumins acetylated in vivo than in albumin altered by aspirin in vitro. Peptide maps of albumin from patient C.J. while she was taking sodium salicylate, and from subject R.M. who did not take aspirin, showed no evidence of peptide "A." The latter maps were identical with that shown in Fig. 2 . positive. This is compatible with the theoretical yield of 79 peptides from an HSA molecule possessing 55 lysine and 23 arginine residues (11) . Peptide maps of HSA exposed to aspirin under physiologic conditions in vitro reveal the presence of a unique peptide, "A," and the diminution of two normal peptides, "B" and "C." Peptide "A" was never seen on maps of normal HSA, and peptides "B" and "C" were always more prominent on maps of untreated HSA than of aspirin-altered albumin.
The fact that peptides "A," "B," and "C" all lack arginine strongly suggests that a lysine residue in peptide "A" is acetylated by aspirin to render it resistant to the tryptic hydrolysis which ordinarily results in the formation of peptides "B" and "C." This has been confirmed by amino acid analysis, for peptide "A" equals the sum of peptides "B" and "C." From these analyses, peptide "C" must have the composition and sequence leucyl-lysine; its position on the map is in good agreement with this, for as mentioned earlier it bears a net positive charge. Peptides "B" is neutral, which indicates that the glutamic acid observed after hydrolysis almost certainly did not arise from glutamine. To be neutral a tryptic peptide with carboxyl terminal lysine, contributing one positive charge from its E-amino group and one negative charge from its free carboxyl group, must have one negatively charged side chain to balance the positive charge on the amino terminus of the peptide. Glutamic or aspartic acid would provide this negative charge. The estimated amino acid residues of peptide "B" are one each of serine, glutamic acid, alanine, leucine, and lysine. Taking advantage of the partial destruction of the amino terminal residue by heavier ninhydrin staining, we may hypothesize that the structure of this peptide is ser-(glu, ala, leu)-lys. By use of the same arguments plus the fact that peptide "A" is the sum of peptides "B" and "C" containing one N-acetyl-lysine, the structure of peptide "A" should be leu-N-acetyllysine-ser-(glu, ala, leu)-lysine. Alternatively the carboxyl terminal lysine in peptide "B" may be the one acetylated by aspirin, in which case the leulys of peptide "C" would be attached at the carboxy terminus of peptide "B." Peptide "A" is slightly more hydrophobic than peptide "B," as evidenced by the increased mobility in the organic chromatography solvent, and this probably due to the presence of the additional leucine residue and the acetylation of the E-amino group of one of the lysine residues. In radioautographs of peptide maps of HSA altered by acetyl-1-"C-labeled aspirin, the major radiopacity was observed in peptide "A." The six weaker opacities in Fig. 3 not associated with peptide "A" indicate that there are at least six other possible sites of acetylation on the HSA molecule. The relative position and intensities of these opacities were reproducible and probably represent additional unique peptides. The amounts of these peptides formed were generally insufficient to be detected by the usual staining techniques. The radioautographic data, though qualitative, demonstrate that peptide "A" is the preferential site of acetylation. There are several possible explanations for preferential acetylation of this lysine residue. The tertiary structure of the HSA molecule may expose the e-amino group of this lysine in a way that makes it uniquely susceptible to attack by acetylating agents such as aspirin. Alternatively, or perhaps in addition, the lysine residue in peptide "A" may be located very near the aspirin binding site, thereby enhancing the likelihood of its acetylation, a reaction analogous to affinity labeling described by Wofsy, Metzger, and Singer (12) .
The data discussed above established that peptide "A" can be used as a marker to assess whether the ingestion of aspirin results in acetylation of HSA in vivo. The albumin from patient W.H. showed peptide "A" and also a diminution of peptides "B" and "C." This suggested that the ingestion of aspirin had resulted in the acetylation of HSA, although the possibility of a peptide anomaly due to rheumatoid arthritis per se was not excluded. However, the peptide map of HSA from rheumatoid arthritis patient C.J. taking sodium salicylate revealed a normal peptide pattern. On the other hand, when she was placed on aspirin therapy for 5 wk, peptide maps of her albumin revealed the presence of peptide "A" and a diminution of peptides "B" and "C." Hence, exposure of albumin to aspirin either in vitro or in vivo does result in the formation of peptide "A" as well as the enhanced capacity of albumin to bind the marker anion, acetrizoate. It must be concluded that the presence of peptide "A" in the albumin from those patients resulted from the ingestion of aspirin, and that an N-acetyl-lysine derivative had been formed in vivo. The possibility that other medications and (or) metabolites have the capacity to interact with the reactive lysine in peptide "A" requires further study.
Radioautography of the peptide map of HSA treated with carboxyl "C-labeled aspirin demonstrated a radiopacity situated above peptide "A." Previously we suggested that aspirin could form a salicyloylamide derivative of HSA (2), as this reaction had been demonstrated by reacting aspirin and glycine (13) . Although the composition of this salicyloyl peptide is not known, it is possible that it may be formed from peptides "B" and "C," because a salicyloyl group in place of an acetyl group could render peptide "A" more hydrophobic without altering its electrophoretic mobility. There is increasing evidence that aspirin differs significantly from the other salicylates in its effects on hemostasis in humans. Quick has shown that a small oral dose of aspirin, but not sodium salicylate, may prolong the bleeding time, even in normal subjects (17) . He implicates the acetyl linkage in this action and suggests that aspirin acts as a competitive inhibitor of cholinesterase, which permits excessive acetycholine activity and vasodilation (18) . Aspirin, but not sodium salicylate, when taken by mouth or added to plateletrich plasma, inhibits platelet aggregation and blocks the release of adenosine diphosphate from these cells (19) (20) (21) .
Finally aspirin has a strong anticomplementary action in vitro in normal therapeutic doses with respect to guinea pig complement, while sodium salicylate has no action at all (22) .
The acetyl group of aspirin appears to be implicated in most of these physiologic phenomena. The unique capacity of aspirin to form acetyl and salicyloylamide derivatives of human proteins and other body constituents may well play a role in these reactions.
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